Polydiacetylene (PDA) compound has unique chromatic properties when embedded in methylcellulose base. Therefore, this could be used as intelligent packaging. PDA exhibits blue-to-red color transition under certain stimuli, which was caused by alterations in PDA conjugation length backbone. For a specific color modification, bio-recognition tools were covalently linked with PDA. In this work, a broad-spectrum virulent phage (PVP-SE1) was used as a biorecognition element to detect Salmonella cells due to PDA color change. A series of experiments were performed to monitor colorimetric response. Consequently, chromatic immunoassay could be significant in increasing potential applications of PDA intelligent packaging.
Introduction
In recent years, new technologies are demanded to satisfy the necessity of quick and simple methods in comparison to the standard methods to improve bacteria detection in complex system such as food [1] . Biosensors have been intensively studied to fulfil this necessity and could be defined as analytical tools that identify and quantify desired target substances from unknown samples [2] . One compound that has been used as a biosensor is the polydiacetylene (PDA), a polymer which has capability to cause modifications in intramolecular conformation and intermolecular packaging, resulting in changes in absorption, fluorescence, and conductive properties of this polymer [2] [3] [4] [5] [6] .
Over the last decades, PDA-based biosensors research has been focused on mimicking cell membrane, but these studies presented lack of selectivity to target pathogens [7] . To solve this lack of sensitivity antibodies are incorporated in free carboxyl groups of PDA, which are responsible for the remarkable ability to detect, locate, recognize, and bind with a target antigen. Antibodies are glycoprotein molecules originating from B cells, circulating through the blood and lymph. Each antibody molecule has a unique structure that allows their connection to a specific antigen correspondent. They all have the same general structure and are also called immunoglobulin [8] . Previous work showed that the monoclonal antibody sc-58018 was specific to Salmonella and Oliveira et al. [9] study presented the best condition to use this sensor in food area.
On the other hand, there is a trend to use bacteriophages as a biorecognition tool. Bacteriophage is used as sensor receptors to discriminate between viable but non-culturable cells (VBNC). Phages are viruses that infect only bacteria not humans. They considered potential biorecognition elements as well as biodetection tools. That is due to their high specificity to bacteria, robustness, great stability, even under adverse environmental conditions, and extended shelf life. These characteristics, combined with their innocuous nature and low production costs, led the Food and Drug Administration (FDA) to approve some phagebased diagnostic protocols for pathogen detection. Phage PVP-SE1 was indicated to recognize Salmonella spp. from Enterobacteriaceae family. Enterobacteriaceae family contains a large number of genre that are biochemically and genetically related to one another as Escherichia, Shigella, Salmonella, Enterobacter, Proteus, Yersinia [10] . Because that, phage PVP-SE1 isolated from Germany waste water, can show a lack of selectivity for this different genres of Enterobacteriaceae family [11] . Despite of it, the lytic phage PVP-SE1 was explored as an alternative of biorecognition element for bacteria detection due to the viability assessment and because that could be used as a receptor for PDA sensor.
Several studies have demonstrated the incorporation of PDA in solid support amplifying the versatility and practicality of the sensor. One of the most straightforward methods to produce PDA film is by mixing the PDA sensor with polymer matrices and then casting the mixture in Petri dish or spin casting producing a composite film [12] . Kim et al. [13] reported the production of nanocomposite films by the PDA embedded in poly (vinyl alcohol). However, other types of polymers could be used as matrix to manufacture nanocomposites with differentiated characteristics.
New technologies of producing packaging with intelligent functions have been developed to fulfil the requirement of conscious consumers for freshness and safety food products [14] [15] [16] . Therefore, this research aims to develop a smart packaging with polydiacetylene system to detect Salmonella in foods using the approach of color changes.
Material and Methods

Materials
All chemicals of high analytical grade were used without further purification. The diacetylene (DA) monomers (10,12- Table 1 . The stock culture was maintained at -80 º C in luria bertani medium (LB) (Liofilchem Bacteriology, Italy) with 10% (v/v) of glycerol. Stock culture was activated twice in LB and was incubated at (37 ± 2) º C for 24 h. Phage PVP-SE1 was isolated from a Regensburg (Germany) wastewater plant in the context of a European Project (Phagevet-P). S. Enteritidis strains S1400 were used as host.
Vesicle preparation
Polydiacetylene vesicles were prepared according to a modified method from Pires et al. [1] . Solution of 1 mM poly (pentacosadiynoic acid), PCDA, was dissolved in 2 mL of DMSO and heated at (80 + 5) º C for (15 + 0.5) min. In a separate flask, SPH/CHO (1 mM) was dissolved in chloroform and the solvent was removed under nitrogen flow. After cooling at (25 + 2) º C both solutions were mixed and brought to a final volume of 10 mL with Milli-Q water. Vesicle suspensions were sonicated for (5 + 0.5) min. using a probe sonicator (Branson Digital Sonifier, models 250 & 450) at 400 W of power and then filtered through a 0.25 μm PVDF filter. The filtrate was cooled to (4 + 0.5) º C overnight. The next step was the receptor incorporation.
Receptor incorporation
The receptor was incorporated according to a modified method from Dong et al. [18] and Oliveira et al. [19] as illustrated in Figure 1 . The PCDA carboxylic acid was activated by a reaction with NHS and EDC at a molar ratio of 1:1.8:1.8, respectively, during (60 + 5) min, under constant agitation. PVP-SE1 phage (1:3000 v/v) was added to the PDA solution and allowed to react for (5 + 0.5) h at (4 + 0.2) °C on a shaker (MS-1 model, Germany). The occurrence of nonspecific absorption was evaluated after adding, 150 μg/mL of BSA solution in half of the samples of PDA vesicles incorporated with PVP-SE1. The other half of the samples was maintained without BSA solution therefore assumed as the control samples. The vesicles were cooled overnight to (4 + 0.2) °C. The vesicle polymerization was carried out using the 254 nm UV light exposure (Prodicil, Brazil, 110 V) for 10 min. to convert PCDA monomers in PDA polymer, which were stored at refrigerator temperature. The PDA vesicles with and without BSA solution were submitted to studies of specificity and stability using S. Enteritidis, S. aureus, and E. coli as presented in the next topic.
Specificity study of the PDA vesicle incorporated with PVP-SE1
The specificity of the sensor was analyzed by adding separately, in the PDA sensor, 50 μL of S. aureus ATCC 25923 (OD600 = 0.60 + 0.05) and 50 μL of E. coli ATCC 10536 (OD600 = 0.60 + 0.05) as gram-positive and gramnegative controls, respectively. LB medium (50 μL) was added in the PDA sensor as control to ensure that color change did not occur due to the medium influence. S. Enteritidis strain S1400 (OD600 = 0.3 + 0.05; 50 μL) was incorporated in the PDA sensor to verify the color transition over time with and without BSA addition. The spectra were obtained using a Thermo Scientific Nano Drop 2000 C Spectrophotometer at room temperature (25 + 2) º C in the range of (400 to 700) nm. Charych et al. [20] proposed a semi-quantitative measurement to evaluate the colorimetric transition, which was defined as colorimetric response (CR):
Where "A" is the absorbance for the blue (∼650 nm) or red (∼540 nm) component obtained by UV-Vis spectroscopy. The terms "blue" and "red" refer to the color showed by the material, and the indexes/subscripts "b" and "a" stand for the absorbance readings after bacteria addition at zero time of incubation and at 3 days of bacteria incubation, respectively.
Other types of pathogenic bacteria were analyzed (OD600 = 0.6 + 0.05) to verify the sensor specificity to them at the time (optimized time) in which most PDA vesicles incorporated with receptors showed the highest CR, at 3 days of incubation time at (37 + 2) º C. The optimized time was used to confirm that no target bacteria strains change the color of PDA vesicles incorporated with receptor from blue to red. The used bacteria were as described in materials step.
Detection limit of PDA vesicles incorporated with phage PVP-SE1
The S. Enteritidis S1400 was activated in LB broth at (37 + 2) º C during 24 h to determine the detection limit of the PDA sensor. The optical density was corrected for OD600 = 0.6 + 0.05 assuming the bacteria counting was around 10 8 CFU.mL -1 , and diluted solutions were made using 0.1 mL from mother solution in 9.9 mL of LB broth to generate solutions with concentrations of 10 CFU.mL . The color changes were measured by Thermo Scientific Nano Drop 2000c Spectrophotometer and the colorimetric response (CR) was calculated according to the equation 1 as described in previous section.
Bacterial strains count bounded with receptor PVP-SE1
The amount of Salmonella bound to the receptor was determined through the difference between the total bacteria added in PDA vesicles at time zero and the total bacteria grown in PDA vesicles after 24 h of incubation at (37 + 2) º C. S. Enteritidis S1400 was previously activated in LB broth at (37 + 2) º C during 24 h. The optical density was corrected for OD600 = 0.6 + 0.05 assuming the bacteria counting was around 108 CFU.mL -1 . An aliquot of 10 mL of bacteria suspension was centrifuged (6000 g) during 10 min at (4.0 The activated vesicles which were covalently attached with phage PVP-SE1 conjugates were photopolymerized under UV radiation became conjugated polymer (PDA) and assumed a blue color solution. Part of PDA's vesicles incorporated with phage PVP-SE1 was blocked with BSA (Bovine Serum Albumine). In S.Enteritidis presence, the color of the PDA's system changed from blue to red.
Phage PVP-SE1 as Tool Recognition in Polydiacetylene to Produce Intelligent Packaging
Oliveira et al. + 2) º C, washed with 0.1 M phosphate buffer (twice), and the content of the centrifuged was completed with 10 mL of phosphate buffer. Thus, only strain bacteria were suspended in phosphate buffer assuming the bacteria counting was around 108 CFU.mL -1 . Next, 200 μL of PDA vesicle were added to 50 μL of that solution. Next, two types of solutions were formed; the first one with phage PVP-SE1, and the other was not incorporated with any receptor (control). The PDA vesicles added with S. Enteritidis strain bacteria suspended in buffer phosphate went through successive dilutions (0.1 mL from mother solution in 9.9 mL of buffer phosphate) to obtain solutions with concentrations between 102 CFU.mL -1 and 104 CFU.mL -1 . Aliquots of 0.1 mL of each diluted solution were plated on LB agar and incubated at (37 + 2) º C during 24 h. Bacteria were counted and the difference between the total bacteria and the free bacteria was assumed as the number of bacteria bounded with the receptor.
PDA embedded in methyl cellulose films
Embedment of PDA supramolecules in methyl cellulose films was carried out by a mixing drying process as suggested by Kim et al. [13] . PDA vesicle incorporated with phage PVP-SE1 without photopolymerization was mixed with the methyl cellulose solution (1 wt%, 20 mL water) using constant stirring. The resultant mixture was cast into a Petri dish (90 cm diameter) and dried at (37 + 2) º C during one day. The dried films were peeled from the dish and the thickness was measured using a manual thickness gauge. The diacetylene embedded film was irradiated at 254 nm UV light (Prodicil, Brazil, 110 V) for 10 min. each side, acquiring blue color after PDA polymerization. After that, the PDA film was stored at (4 + 0.2) °C inside a glass plate until usage.
Bacteria preparation for the study of PDA films
Bacteria (S. Enteritidis S1400, E. coli ATCC 10536, and S. aureus ATCC 25923) were cultured in Luria broth at (37.0 + 2.0) °C overnight. Then, 0.1 mL of each bacteria were plated on Luria broth agar plate and the plates were incubated at (37.0 + 2.0) °C overnight followed by the specificity study [21] .
Specificity study of PDA intelligent packaging
Methyl cellulose films embedded with PDA incorporated with PVP-SE1 were cut in (1 x 1) cm 2 , placed on LB agar surface containing spreading bacteria (S. Enteritidis S1400, E. coli ATCC 10536, and S. aureus ATCC 25923), and incubated at (37.0 + 2.0) °C during 24 h. Color images of the indicators were taken using a Microscope Nikon (Type 104, Model C-Pol, China).
Environmental Scanning Electron Microscopy images of PDA films embedded in methyl cellulose
Environmental Scanning Electron Microscopy (ESEM) was used in scanning electron mode to obtain images of the PDA embedded in methyl cellulose, with phage PVP-SE1 incorporation and without receptor (control), using Quanta 650 FEG (FEI) Microscope. PDA films were put directly onto a carbon-coated copper mess and characterized using low vacuum and low electron voltage behavior [22] .
Results
The specificity study was carried out to test if the phage PVP-SE1 incorporated in PDA vesicles ensure that PDA color transition occur only in the Salmonella strains presence during the 30 days of incubation at 37 º C. The stability of the color change over the time was also evaluated in those conditions. E. coli ATCC 10536 and S. aureus ATCC 25923 were used as gram-negative and gram-positive control, respectively, to ensure that the color change did not occur due to the presence of other pathogens. According to Oliveira et al. [23] and Pires et al. [1] , E. coli and S. aureus may change color in less than 48 h when using Lysine and N-[(2-teradecanamide)-ethyl]-ribonamide as receptors or without receptor incorporation. This means that phage PVP-SE1 incorporation cause specific interaction between Salmonella serovar in PDA vesicles.
In addition to receptor specificity assessment, an additional study was performed to understand the role of block step with BSA compound to avoid unspecific binding in carboxyl groups, which could hinder PDA vesicle color change. When PDA-PVP-SE1 sensor was blocked with BSA, the CR was improved (CR maximum around 40%) overtime, differently from unblocked PDA-PVP-SE1, which have denoted CR reduction (CR around 20%) due to aggregation in due course. Moreover, a color change has happened when none target bacteria were added. Therefore, the free carboxyl groups blocking step was important to certify PDA sensor specificity. This was essential to avoid other alteration causes that could be resulted from the interaction between free carboxyl groups and unmarked bacteria. Consequently, an unspecific color change have occurred. Additionally, there was other role played by that step to maintain stability due to the prevention of aggregated formation between PDA vesicles over the time. Thus, the stage intending to block free carboxyl groups with BSA was incorporated in every experimental procedures hereafter.
PDA vesicle color change when incorporated with phage PVP-SE1 after Salmonella addition could be visualized by unaided eyes as shown in Figure 2 . The color has changed twice with PVP-SE1 receptor incorporation into PDA vesicle: 1) the blue color have altered to purple with CR ranging from (8.0 to 12.0%) 2) the purple color was modified to pink (or red) as CR ranged from (15.0 to 17.0%). The CR range in each stage is a function of color degree saturation. PDA vesicle color change was more noticeable by unaided eye as CR increased over time. For better understanding, CR 10% (purple color) was considered the initial stage and CR 15% (red color) the second step.
After S. Enteritidis S1400 (OD600 0.6 + 0.1) incorporation, the color change to purple was perceptible by bare eye since the first day. However, the CR was able to indicate a difference between systems colors without and with targeted bacteria (S. Enteritidis S1400, E. coli ATCC 10536 and S. aureus ATCC 25923) in PDA vesicles incorporated with phage PVP-SE1 only at 15 incubation days at (37 + 2) º C. This could be demonstrated according to the statistical test ANOVA, at 0.05 level. PDA vesicles CR has improved sensitiveness over time. The red color in PDA vesicles has took about 3 incubation days at 35 º C to appear.
Intending to protect PDA sensor specificity, other bacteria were tested with 3 incubation days at (37 + 2) º C; and to verify its sensitivity, several Salmonella serovar were analyzed as well. Color changes outcomes, quantified by Thermo Scientific Nano Drop 2000 C Spectrophotometer were used to calculate colorimetric response (CR), according to equation 1 described under the section "specificity study of the PDA vesicle" utilizing bacteria strain listed in Table 1 . These results were expressed in Figure 3 .
Phage PVP-SE1 showed specificity for Salmonella strain with slight differences at each behavior. The phage PVP-SE1 changed the color from blue to purple in the presence of pathogens, but only for Salmonella strain the PDA sensor changed the color from blue to pink (or red). In Figure 3 , for the Salmonella strain, the CR was very high with the maximum value around 60% and the minimum near to CR 15%. If no target pathogenic bacteria were used the CR maximum was around 15% and the minimum was 0%. The difference among the CR values was improved, what means it was easier to differentiate the color for Salmonella strain then pathogen strain, over the incubation time. In addition to that, the receptor phage PVP-SE1 was capable to detect almost all the types of Salmonella serovars, showing to be a versatile receptor. Therefore, phage PVP-SE1 can be used to point out bad microbiological conditions of stored food once spoilage bacteria present in foods could present an intermediary color, the purple color, that indicate unsatisfactory sanitary food condition. On the other hand, the change color from blue to red in Salmonella presence indicate unsafe condition of the food because the presence of the pathogen render the food a risk for health [24] .
In contrast, PDA vesicles without a receptor were able to modify the color from blue to red regardless bacteria type incorporated into PDA system. That color alteration emphasizes receptor incorporation importance for a specific detection. Whether the purpose is only sensitivity, the PDA vesicles without a receptor could represent an appropriate sensor to indicate bacteria presence in food. Nonetheless, this work has focused on Salmonella spp. detection as this microorganism represents the major cause of food poisoning worldwide. The majority of outbreaks are due to subspecies enterica serovar Enteritidis contamination of eggs, chicken and swine. Contaminated foods, usually present none signs of microbial alteration [25] . PVP-SE1 phage incorporation was an important step due to its capability to indicate unsafe conditions by the Salmonella spp. presence, exhibiting the red color sensor. Moreover, deteriorating bacteria have shown purple color sensor, which signifies bacteria contamination in food. In other words, when PVP-SE1 phage was assimilated in PDA sensor, this could send three messages for consumers: red indicating Salmonella presence, purple denoting other pathogenic bacteria genres presence, and blue designating food in suitable conditions. Scanning Electronic Microscope picture (Figure 4) showed the interaction bettween S. Enteritidis, as a mass shape, and phage PVP-SE1 incorporated in PDA's vesicles, which caused the color change.
Regarding the detection limit, the number of bacteria bonded in PVP-SE1 was around 101 CFU.mL -1 of S. Enteritidis S1400 when 108 CFU.mL -1 were added. The PDA vesicle incorporated with PVP-SE1 showed the purple color when Salmonella was between 10º to 106 CFU.mL -1 with CR values around 15% and the red color manifested just after the addition of 108 CFU.mL -1 of S. Enteritidis S1400 with CR under 30%. The next step of our investigation was the immobilization of the PDA sensor in a solid support. Several studies with PDA films were reported in the literature. Scindia et al. [16] developed glass-supported films of lipids and polydiacetylene for visual detection and colorimetric fingerprinting of bacteria. Meir et al. [26] constructed agarose-embedded chromatic films to obtain color changes and fluorescence transformations in response to bacterial growth. Ma et al. [27] developed a film using polydiacetylene with mannose assembled by LangmuirBlodgett technology to detect E. coli. Nevertheless, none of these studies the film could be used as intelligent packaging due to the complexity of the techniques and the features of the films. An exception could be the Kim et al. [13] study that reported the production of nanocomposite films by the PDA embedded in poly (vinyl alcohol). However, this polymer base difficult the color change even upon temperature expose.
Therefore, in this research, PDA sensors incorporated with PVP-SE1 was embedded in methyl cellulose to produce intelligent packaging for colorimetric detection of Salmonella in food. The specificity of the film for S. Enteritidis S1400 comparing with S. aureus ATCC 25923, as gram-positive control, and E. coli ATCC 10536, as gram-negative control was done. Images (Microscope Nikon Type 104, Model C-Pol, China) of the PDA films after 24 h at (37 + 2) º C in contact with the bacteria grown in LB medium were taken. The images were treated in the Math Lab program as shown in Figure  5 for PDA incorporated with PVP-SE1 phage embedded in methyl cellulose.
The E. coli ATCC 10536 and S. aureus ATCC 25923 were able to modify the initial color of the PDA film, from blue to purple, but only S. Enteritidis S1400 changed the color from blue to red. The phage PVP-SE1 receptor was important to improve the difference of the color appearance between target bacteria (Salmonella) and the others (E. coli, S. aureus). The same behavior could be observed in PDA vesicles incorporated with phage PVP-SE1 in the presence of bacteria. However, the color of the films were changed after one day whereas the color of the vesicles took three days to change, at the same temperature condition (37 + 2) º C.
Color transition measurement was performed assisted by Mathematic program to calculate the difference between primary color component of the PDA film with and without bacteria, as shown in Figure 4 . RGB (Red, Green, and Blue) color space consists of a three-dimensional rectangular coordinate system with R, G, and B axes [28] . PDA films with and without S. Enteritidis S1400 have shown the sharpest color differences when PVP-SE1 was incorporated into films embedded in methylcellulose. This indicates that primary color components of PDA film incorporated with PVP-SE1, in the presence of S. Enteritidis S1400, were more distinctive from those primary color constituents of PDA films incorporated with PVP-SE1 without bacteria, mainly for red component. When other bacteria (E. coli ATCC 10536 and S. aureus ATCC 25923) were utilized, color difference from film without bacteria was inferior ( Figure 6 ).
According to the outcomes, color transition in PDA system resulted from S. Enteritidis S1400 needed a specific receptor presence. PVP-SE1 incorporation into PDA film embedded in methylcellulose did not prevent color change by other pathogenic bacteria. Nevertheless, Salmonella color transition (from blue to red) from the E. coli ATCC 10536 and S. aureus ATCC 25923 color transition could be differentiated (from blue to purple). PDA incorporated with PVP-SE1 and embedded in methylcellulose can aware consumers about food quality, since purple color points out E. coli and S. aureus presence in the food whereas a red color is an indicative S. Enteritidis occurrence.
Characterization of the PDA vesicles using Atomic Force Microscopy (AFM) and Scanning Electronic Microscopy (SEM) were carried out after colorimetric evaluation aiming to discuss PDA vesicles arrangement in methyl cellulose and their relation with the colorimetric transition. PDA vesicles embedded in methyl cellulose without the receptor incorporation showed lower roughness than the vesicles with phage PVP-SE1. This roughness data together with the SEM pictures (Figure 7) shown the preservation of the sphere shape of the PDA vesicle in the presence of the receptor. Kim et al. [13] and Pevzner et al. [29] also found a sphere shape for PDA vesicles and PDA aggregates. The authors showed that the surface depend upon the type of phospholipids and the molecular ratio between the phospholipids and diacetylene, indicating the formation of interdependent domains among lipids and methyl cellulose polymer within the vesicles. Therefore, the incorporation of the PVP-SE1 receptor in PDA vesicles embedded in methyl cellulose can improve their stability and can preserve their sphere shape contributing to preserve their specificity regarding the color change, mainly in the presence of Salmonella. On the other hand, PDA vesicles without receptor incorporation lost their shape when mixed with methyl cellulose polymer. PDA incorporated with phage PVP-SE1 embedded in methyl cellulose produces a blue plastic film with potential to be used as advanced packaging to detect unsafe food condition due to the Salmonella presence. However, additional studies should be done to get this film ready to be used in the food market.
Conclusion
In this study, an advanced packaging was developed using a new recognition element, phage PVP-SE1, which was incorporated in the PDA vesicles embedded in methylcellulose, to detect the Salmonella presence using a colorimetric technique. Primarily, it was investigated PDA vesicles performance incorporated with the PVP-SE1 phage, which is usually utilized as a receptor in biosensor researches. PDA-PVP-SE1 was also capable to discriminate unmarked bacteria from Salmonella strains by coloration change from blue to purple, since in the Salmonella presence color alteration was from blue to red, independently serovars types. When PDA-PVP-SE1 were embedded in methylcellulose (film), the capability to detect Salmonella specifically due to color transition maintained, which was indicated by red color. Moreover, the food borne pathogens indications have occurred due to color change from blue to purple. The PDA-PVP-SE1-methylcellulose (film) has needed inferior time (24 h) to change color than liquid phase systems. Therefore, this system could be used as advanced packaging, signalizing unsafe conditions for consumers and safeguarding security and beneficial quality of the product at microbiological point of view. Color change was confirmed by both unaided eye and by quantitative methods. Different analyses, such as SEM, have confirmed PDA vesicle embedded in cellulose methyl occurrence uniquely when PVP-SE1 phage was incorporated, promoting stability during film processing and maintaining the specificity to Salmonella. PDA vesicle presence embedded in methylcellulose, have demonstrated a distinguished intelligent packaging potential, representing feasible applications in food market.
